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@ Applicant has discovered that allovaienOy 
doped gallium-indium-oxide (GalnOs) can 
achieve electrical conductivity comparable to 
wide band-gap semiconductors presentfy in use 
while exhibiting enhanced transparency and 
improved index matching! The material can be 
doped to resistivity of less than 10 mllliohm-cm 
by small quantities of aliovalent dopants, such 
as tetravaient atoms. It has a refractive inddx of 
about 1.8 and can be deposited on glass subs- 
trates in pdycrystalllne films. 
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Field of the invention 

Tiiis invention relates to conducting materials 
and, in particular, to conducting materials comprising 
gallium-iridium-oxide, GalnOa, doped to exhibit elec- 5 
tricai conductivity in a transparent state. 

Background of the Invention 

Only a handful of materials provide the highly io 
useful combination of electrical conduction and opti- 
cal transparency. The earliest used materials were 
thin films of gold, silver and platinum used as electro- 
des on photoelectric cells. Wide band-gap semicon- 
ductor transparent electrodes including tin oxide is 
coatings came into use during World War II (Nesa 
glass), and Indium oxide coatings became commer- 
cially available in the 1970*s. See G. Haacl<e, "Trans- 
parent Conducting Coatings", 7 Ann. Rev. Maten Sci. 
73-93(1977), 20 

Transparent conductive materials are important 
components in visual communications devices and 
useful inavariety of other applications. In modernliq- 
uid crystal displays, for example, arrays of transpar- 
ent electrodes define the display segments or even 25 
pbcels to be activated. Moreover transparent conduc- 
tors can be used as antistatic coatings on Instrument 
panels, heating elements on aircraft windows, and 
electrodes on solar cells. Such materials are also use- 
ful as heat retaining and ultraviolet light-rejecting 30 
coatings on windows. 

One difficulty with presently available transpar- 
ent conducth^e materials is their narrow transmission 

spectrum. They tend to absorb blue light in the visible 

spectrum and some tend even to absorb red light For 35 
example, indium tin oxide, widely used because of its 
high conductivity, tends to absorb blue light and, as 
a consequence, appears yellow or green. Similar col- 
oration is observed in a variety of wide band-gap 
semiconductor materials including zinc indium oxide 40 
and cadmium tin oxide. Such absorption requires 
higher power levels, limits choice In coloration, and 
presents an impediment to the development of full 
color flat panel displays. A second difficulty arises 
from the poor Index of refraction match between In- 45 
dium tin oxide (ITO) (the most commonly used trans- 
parent conductor) and typical glasses. ITO coatings 
typically have an index of about 2.0 whereas typical 
glasses have an index of about 1.5. The result is re- 
flection loss at the ITO/glass interface, reducing the so 
amount of transmitted light. Accordingly, there is a 
need for transparent conductive material having en- 
hanced transparency and better index matching with 
glass. 

55 

Summary of the Invention 

Applicant has discovered that aliovaiently doped 



gallium-indium-oxtde (GalnOa) can achieve electrical 
conductivity comparable to wide band-gap semicon- 
ductors presently in use while exhibiting enhanced 
transparency and improved index matching. The ma- 
terial can be doped to resistivity of less than 10 milli- 
ohm-cm by small quantities of aliovalent dopants, 
such as tetravalent atoms. It has a refractive index of 
about 1 .6 and can be deposited on glass substrates 
in polycrystalline films. 

Brief Description of the Drawings 

In the drawings: 

FIG. 1 is a polyhedral representation of GalnOa; 
FIG. 2 is a schematic cross section of a substrate 
coated with conductively doped GalnOa; and 
FIG. 3 is a graphical display of absorption versus 
wavelength for conductively doped GalnOa ^ri 
comparison with conventional ITO. 

Detailed Description 

A. Conductively Doped GalnOa 

Applicant has found that the conductivity of 
GalnOa is enhanced by small quantities of aliovalent 
dopants M in Galni.xMxOa. (An aliovalent dopant is a 
dopant which has a valence different from the other 
atoms in the host conripound). The aliovalent dopant 
should have a valence greater than 3 and prefer- 
ably is tetravalent In a series of experiments using 
Galni.xSnxOa with 0.005 ^ x ^ 0.12, it was deter- 
iTiined that Gaino.94Sno.06O3. for example, provided re- 
sistivity of 2 milliohm-cm in a. O.jBjTiLCTpmeter thick . 
film. And, a similar series of experiments showed 
Gai.x^exInOa, 0.005 ^x ^ 0.12, to exhibit conductiv- 
ity equivalent to Gaint-xSnxOa and visually similar 
transparency. Galni.xGOxOa also gives good trans- 
parency and conductivity. Doping with Ti or Nb provid- 
ed, enhanced conductivity, but it was two orders of 
magnitude lower than the conducth^ity produced by 
tin. Doping with Si yielded similar results when Si was 
substituted for Ga. A series of experiments with 
Gai+Jn^.x-ySnyOa and Gai+x-yGeylni.xOa for 0.25 ^x 
and .005 ^ y ^ .12 also showed conductivity arid 
good transparency. 

FIG. 1 is a polyhedral representation of the crys- 
tal structure of GalnOa. The metal atoms are in the 
centers of the polyhedra, and the oxygen atoms are 
at the corners. The tetrahedra 20 represent Ga04 and 
the octahedra 21 represent InOe. 

GalnOa exhibits a p gallla crystal structure simi- 
lar to one of the forms of GaaOa. In the Ga203 analog, 
Ga is present in two crystallographic metal sites: a 
four coordinate site and a six coordinate site. In' 
GalnOa, is on the four coordinate site, and In is on 
the six coordinate site. As a consequence of this sim- 
ilarity, GalnOa can be mixed with Ga203 in a contlnu- 
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ous range. GalnOs Is conductively doped if it is doped 
to a resistivity of 10 mllliohm-cm or less. 

Methods for preparing conductively doped 
GalnOacan be understood by consideration of the fol- 
lowing examples. 5 

Example 1 

Powdered gallium oxide, GaaOa. indium oxide, 
In203, and tin oxide, Sn02, are weighed out to yield io 
the appropriate mole ratios for Galnt.xSnxOa. For In- 
stance, for a 5-gram total weight sample of 
Galn.94Snx>603, 2.0090 grams of GajOa, 2.7972 
granis of InzOa and 0.1938 grams of SnOa are used. 
The powders are mixed together and ground together is 
in a mechanical mortar and pestle for a minimum of 
five minutes to insure good mixing and contact of 
powder particles. The mixed powders are transferred 
into high density aluminum oxide crucibles with cover 
and heated in air for an initial period of 12-15 hours 20 
at temperatures between 1100 and 1200*»C. The re- 
sulting powders are then ground mechanically again, 
re-introduced into the covered aluminum oxide cruci- 
bles, and heated for a period of 1 2-1 5 hours at 1 300^'C 
in air. After a third grinding, pellets are pressed in a 25 
standard steel dye (typically to a load of 3000 pounds 
for a half-inch diameter pellet). The pellets are then 
heated again at 1300^ in air for a period of up.to 60 
hours. Pellets are typically placed on powder of their 
own composition Inside the covered aluminum oxide .30 
crucibles for the pellet firing step. The pellets are 
cooled after this heating step at the natural cooling 
rate of the furnace, which in our case results In reach- 
ing 300^C iri^ approximately three hours, at which 
point the pellets are removed from the furnace. The 35 
resulting pellets are typically single phase materials 
(to the detectabllity limits of standard powder x-ray 
diffraction) of the GainOa structure type. Air is select- 
ed as an ambient for the Initial processing steps be- 
cause of its convenience. Covers are placed over the 40 
crucibles as a precaution to prevent evaporation of 
the oxides, but we have not observed evaporation un- 
der the conditions described. The first air firing need 
not necessarily be in the 1100-1200*^0 range, but we 
select an initial low temperature to reduce the possi- 4S 
bility of metastable melting. The final heating temper- 
ature of 1300°C in air gave more satisfactory conduc- 
tivities, in one set pf experiments, than did a 1400**C 
air treatment The times and temperatures of these 
treatments are expected to be dependent on the re- so 
acth^itles of the starting materials and the efficiencies 
of the grinding operations. Shorter times can be ex- 
pected to give equally satisfactory results, for exam- 
ple, in the preparation of ceramic targets for sputter- 
ing or laser ablation.. 55 

The material after air firings are not in their opti- 
mally conducting state. A further treatment is advan- 
tageous to improve the conductivity. In this treat- 
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ment, a heating of duration 10-12 hours in flowing N2 
(approximately 100 cc/min, Hz typically approximate- 
ly 50-100 ppm O2) in a ceramic tube furnace at 
1200**C is employed, again with the pellets allowed to 
cool at the natural furnace cooling rate. Covered alu- 
minum oxide crucibles and a powder bed for the pel- 
lets need not necessarily be employed for this step. 
The pellets emerge from the N2 treatment with good 
electrical conductivity and a light grey-to-white color. 

Example 2 

Processing conditions as described in Example 
1, with Ga203,Ge02, and In203 mixed in appropriate 
mole ratios to yield Gai.j^GexInOa. For example for 
Ga.92Ge.08lnO3 In a 5 gram batch, 1.8470 grams of 
GazOs, 0.1792 grams of GeOz and 2.9737 grams of 
In203 are employed. 

Example 3 

Processing conditions as described in Example 
1, with Ga203,ln203 and Sn02 mixed in appropriate 
mole ratios to yield Gai.xSnJnOs. For example, for 
Ga.96Sno4ln03 in a 5 gram batch, 1.9158 grams of 
GasOa. 0.1283 grams of SnOj and 2.9559 grams of 
In203 are employed. 

Example 4 

Processing condittons as described in Example 
1 , with Ga203,ln203 and T1O2 (titanium dioxide) mixed 
in appropriate mole ratios to yield Galni.xTixOa. For 
exarnple for Galn.ggTi.o^Oa in a 5 gram batch, 2.0358 
grams of GazOa. 0.0694 grams of Ti02, and Z8948 
grams of in203 are employed. 

Example 5 

Processing conditions as described in Example 
1, with Ga203Jn203 and Si02 (silicon dioxide) mixed 
in appropriate mole ratios to yield Gai^xSixInOa. 

Example 6 

Processing conditions as described in Example 
1, with Ga203,ln203,Ge02 and Sn02 mixed In appro- 
priate mole ratios to yield Gai.xGexlni.ySny03. 

Example 7 

Processing conditions as described In Example 1 
except that after firing the pellets are heated In a ni- 
trogen-hydrogen (15 mole percent hydrogen) ambi- 
ent rather than In N2, and at a temperature of 600- 
650**C rather than 1200*C. This process produced 
conductivity of 2 milliohm cm, the highest thus for ot>- 
served in bulk doped GalnOa. 
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Example 8 

Alternatively, for applications which do not re- 
quire the highest conductivity, pellets of undoped 
GalnOa afterf iring can be heated In a reducing ambi- 
ent (e.g. nitrogen-hydrogen (15 mole percent hydro- 
gen) at600-650^C). Such targets produce conductive 
films. It Is believed that they are effectively doped by 
oxygen viacanctes. 

B. Substrates Coated With Conductively Doped 
Galn03 

It is contemplated that a basic use of conductively 
doped GalnOs is providing transparent coatings on 
substrates such as glass, semiconductor or plastic. 
For example, the ability of the material to transmit 
light of any wavelength from 0.4|im to 1.1 nm makes 
it useful as a coating material for windows, solar cells 
or display devices. Such coated substrates permit se- 
lective entry of visible light while reflecting ultraviolet 
and infrared. FIG. 2 is a schematic cross section of a 
substrate 30. such as a transparent glass, coated 
with a thin layer 31 comprising conductively doped 
GalnOa. Preferably the coating is in the fonm of a thin 
continuous polycrystalline layer having a thickness 
typically in the range O.liim to l^m. 

The method for coating a substrate 30 can be un- 
derstood by considering the following examples. 

Example 9 (Deposition By Laser Ablation) 

A pressed pellet of Gao.9Geo.iln03 was placed In 
the target holder of a pulsed laser deposition vacuum 
chamber and a vitreous quartz substrate was mount- 
ed onto a beatable substrate holder facing the target 
and positioned about 8 cm from the target. The cham- 
ber was evacuated to a base pressure of 1-1 0x1 0-^ 
Torr and 1 m Torr of oxygen was bled into the cham- 
ber. The substrate was heated to 250°C, and then the 
target was bombarded by pulses from a KrF exclmer 
laser operating at 248 nm with a pulse repetition rate 
at 10 Hz. The energy density of the laser on target 
was 1-4 J/cm^. The deposition rate was 1000-1500 
angstroms per hour. Aftergrowth of several thousand 
angstroms, the chamber was again evacuated and 
the substrate was permitted to cool to room temper- 
ature. The films subsequently removed from the 
chamber were transparent to the eye with good elec- 
trical conductivity. 

Example 10 (Deposition By Sputtering) 

A pressed pellet of Gai.xSrixInOs was placed in 
the target holder of a dc magnetron sputter deposition 
chamber. Coming glass and fused silica substrates 
were placed In proximity to the target in two config- 
urations: (1) on-axis geometry directly underneath 



the target and (2) off-axis geometry outside the plas- 
ma plume, approximately 0.5-2.0 cm from the edge of 
the sputtering gun. The chamber was evacuated, and 
a sputtering gas consisting of an argon-oxygen mix- 

5 ture (15-1 ratio) at 4-20 m Torr was Introduced, The 
substrate was heated to 250°C - 500°C. The target 
was then impacted by the sputter gun (a US 1 " mag- 
netron source) operating at a dc voltage of 350V, a 
current of 0.78A, and a power level of 25 Watts. The 

10 growth rate was about 1 .3 ^m per hour in the on-axis 
geometry and .25 to 0.5 ^m per hour in the off-axis 
geometry. The films had resistivity of about 2.5 miili- 
ohm-cm In a 0.4 micrometer thick film and exhibited 
transmission superior to indium tin oxide in the green 

IS and blue regions. 

FIG. 3 is a graphical illustration of the absorption 
spectrum of conductively doped GaTnOs (curve 1 ) in 
comparison with that of conventional ITO (curve 2). 
As can be seen, the GalnOa film exhibits uniformly 

20 snriall aissorption across the visible spectrum. 

Claims 

zs 1. A transparent conductive material comprising 
GalnOa. 

2. A transparent conductive material comprising 
GalnOs doped with an aliovalent material having 

30 a valence greater than 3. 

3. The compoisition of matter comprising GalnOs 
doped to a resistivity less than 10 milliohm-cm 
with an aliovalent material having a va|ence 

35 greater than 3. 

4. The composition of matter comprising Galn^x 
MxOa where M is an aliovalent material having a 
valence greater than 3 and 0.005 ^ x ^ 0.12. 

40 

5. The composition of matter comprising Gai_x 
MxInOs where M is an aliovalent material having 
a valence greater than 3 and 0.005 ^ x ^ 0.12. 

45 6. The composition of claim 3 or 4 or 5 wherein said 
aliovalent material is a tetravalent material. 

7. The transparent conductive material of claim 2 
wherein said aliovalent material is a tetravalent 

so material. 

8. The composition of matter comprising Ga^.^ 
MxIn^x^yOa where M and M' are aliovalent mate- 
rials having valences greater than 3. 

55 

9. The composition of claim 8 where M Is Ge and 
M' Is Sn. 
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1 0. The composition of matter comprising Ga^+x^ni. x- y 
MyOa where M is an aliovaient material having a 
valence greater than 3. 0.25 ^ x and 0.005 ^ y ^ 
0.12. 

5 

11- The composition of matter comprising Ga^+x-yMy- 
lni. where M is an aliovaient material having 
a valence greater than 3, 0.25 ^ x and 0.005 ^ y 
^ 0.12. 

10 

12. The composition of claim 2 or 3 or 4 or 5 or 7 or 
8 or 1 0 or 11 wherein the dopant material compris- 
es a material from the group consisting of tin, ger- 
manium, silicon, niobium and titanium. 
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